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ABSTRACT 15 
Background context 16 
Distractive-flexion injuries (DFIs) of the subaxial cervical spine are major contributors to 17 
spinal cord injury (SCI). Prompt assessment and early intervention of DFIs associated with 18 
SCI is crucial to optimize patient outcome; however, neurological examination of patients 19 
with subaxial cervical injury is often difficult, as patients commonly present with reduced 20 
levels of consciousness. Therefore, it is important to establish potential associations between 21 
injury epidemiology and radiographic features, and neurological involvement. 22 
 23 
Purpose 24 
The aim of this study was to describe the epidemiology and radiographic features of DFIs 25 
presenting to a major Australian tertiary hospital, and identify those factors predictive of SCI. 26 
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5 
The agreement and repeatability of radiographic measures of DFI severity were also 1 
investigated.  2 
 3 
Study design/setting 4 
This is a combined retrospective case-control and reliability/agreement study. 5 
 6 
Patient sample 7 
Two hundred and twenty-six patients (median age 40 years [interquartile range ±34]; 72.1% 8 
male) who presented with a DFI of the subaxial cervical spine between 2003 and 2013 were 9 
reviewed. 10 
 11 
Outcome measures 12 
Epidemiology and radiographic features of DFI, and risk-factors for SCI were identified. 13 
Inter- and intra-observer agreement of radiographic measurements was evaluated. 14 
 15 
Methods 16 
Medical records, radiographs, computed tomography and magnetic resonance imaging scans 17 
were examined and the presence of SCI was evaluated. Radiographic images were analysed 18 
by two consultant spinal surgeons and the degree of vertebral translation, facet apposition, 19 
spinal canal occlusion and spinal cord compression were documented. Multivariable logistic 20 
regression models identified epidemiology and radiographic features predictive of SCI. Intra-21 
class correlation coefficients (ICC) examined inter- and intra-observer agreement of 22 
radiographic measurements. 23 
 24 
Results 25 
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6 
The majority of patients (56.2%) sustained unilateral (51.2%) or bilateral facet (48.8%) 1 
dislocation. The C6/C7 vertebral level was most commonly involved (38.5%). Younger 2 
adults were over-represented amongst motor-vehicle accidents, whilst falls contributed to a 3 
majority of DFIs sustained by older adults. Greater vertebral translation together with lower 4 
facet apposition distinguished facet dislocation from subluxation. Dislocation, bilateral facet 5 
injury, reduced Glasgow coma scale, spinal canal occlusion and spinal cord compression 6 
were predictive of neurological deficit. Radiographic measurements demonstrated at least 7 
“moderate” agreement (ICC>0.4), with most demonstrating “almost perfect” reproducibility. 8 
 9 
Conclusions 10 
This large-scale cohort investigation of DFIs in the cervical spine describes radiographic 11 
features that distinguish facet dislocation from subluxation, and associates highly 12 
reproducible anatomical and clinical indices to the occurrence of concomitant SCI. 13 
 14 
KEYWORDS 15 
Epidemiology; Risk factor; Cervical facet dislocation; Distractive-flexion injury;  Spinal cord 16 
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INTRODUCTION 1 
Subaxial cervical spinal cord injury (SCI) is one of the most devastating injuries in medicine.
1
 2 
In Australia, 50% of traumatic SCIs reported in a 2008 cohort resulted in 136 cases of 3 
tetraplegia, amounting to annual personal care costs of approximately AUD$14.6 million.
2
  4 
Patients with subaxial facet dislocation present with the most severe neurological deficit,
3
 5 
resulting in tetraplegia in up to 87% of cases.
4-8
 Rapid reduction is crucial, particularly in 6 
patients with bilateral facet dislocation and significant neurological deficit.
3
 Despite 7 
potentially devastating consequences, the spectrum of traumatic subaxial cervical facet 8 
subluxation and dislocation — herein termed Distractive Flexion Injuries [DFIs], as described 9 
by Allen and Ferguson
9
 — is significantly understudied. 10 
 11 
Allen and Ferguson describe four radiological stages of DFI: Stage 1 flexion sprain, Stage 2 12 
unilateral facet dislocation; Stage 3 bilateral facet dislocation with up to 50% translation; and, 13 
Stage 4 bilateral facet dislocation with up to 100% translation.
9
 Complete neurologic injury 14 
occurs more frequently following bilateral facet dislocation,
9
 but by no means is this certain. 15 
Newton et al. advocates reduction of cervical facet dislocation within four hours of injury to 16 
prevent permanent neurological damage following low velocity trauma.
10
 Whilst there is no 17 
consensus on the optimal surgical management of low or high velocity trauma,
1, 11-19
 in the 18 




  20 
 21 
The literature pertaining to DFI comprises only small cohort studies reporting radiographic 22 
features
5, 9, 22-27
 or the clinical outcomes of surgical or non-surgical treatment methods.
3, 4, 14, 
23 
28-34
 Notably, there have been no large-scale cohort investigations of DFI, with or without 24 
concomitant neurological deterioration, reported. In relation to clinical assessment, the 25 
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8 
neurological examination of patients with subaxial cervical injury is often difficult, as 1 
patients commonly present with reduced levels of consciousness.
35, 36
 Therefore, it is 2 
important to establish potential associations between injury epidemiology and radiographic 3 
features, and neurological involvement. Furthermore, although qualitative radiographic 4 
analysis of cervical vertebral alignment is routinely used to provide an indication of injury 5 
severity, it is not known which (if any) of the proposed quantitative radiographic measures of 6 
subaxial spine trauma
37
 are predictive of neurological deficit. The inter-observer agreement 7 
and intra-observer repeatability of quantitative radiographic measures has not been reported 8 
for DFI. 9 
 10 
The primary aims of this study were to describe the epidemiology and radiographic features 11 
of DFI in patients presenting to a major Australian tertiary hospital over a decade, and to 12 
identify which of these variables are risk factors for SCI. A secondary aim was to investigate 13 
the agreement and repeatability of several quantitative radiographic measurements of 14 
subaxial cervical trauma severity in the context of DFI. 15 
16 
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METHODS 1 
Research Ethics Committee approval was granted for this study. All patients aged 15 years 2 
and over who were admitted to the institution with traumatic subaxial cervical facet 3 
dislocation or subluxation between January 2003 and December 2013 were identified. 4 
Reviews of hard-copy and electronic medical records were performed and the following 5 
patient demographic and injury characteristics extracted: age at admission, gender, spinal 6 
column injury characteristics (dislocation or subluxation, uni- or bilateral, spinal level of 7 
bony injury [LOBI] and incidence of associated facet fracture), injury causation information 8 
(motor vehicle speed, fall height etc.), and the presence of SCI (determined by the American 9 
Spinal Injury Association Impairment Scale [AIS] or the International Standards for 10 
Neurological Classification of Spinal Cord Injury [ISNCSCI] charts, or the documented 11 
neurological status recorded in the medical records). DFI type (dislocation or subluxation) 12 
was categorised from radiographic images and/or description in the medical records. As 13 
suggested in Bono et al.,
37
 facet dislocation (uni- or bilateral, including perched facets) was 14 
defined as “no articular surface apposition” while subluxation described a reduction in 15 
apposition, when compared to normal alignment, without facet dislocation.  16 
 17 
All available medical images (radiographs, computed tomography [CT] and magnetic 18 
resonance imaging [MRI]) acquired within 24 hours of admission to the Spinal Injuries Unit 19 
were retrieved in DICOM format using eFilm Workstation version 1.5.3 (Merge Healthcare, 20 
Illinois, USA). Radiographic measures of injury severity
37
 were performed by two consultant 21 
spinal surgeons using a custom MATLAB (Mathworks, Massachusetts, USA) program, as 22 
documented in Table 1 and illustrated in Figures 1 and 2. Several weeks following the initial 23 
analysis, each observer repeated the process on images from a subset of 29 patients (11% of 24 
the cohort) to investigate intra-observer repeatability.
38
 This subset comprised those patients 25 
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10 
with complete medical imaging (X-ray, CT and MRI) and their demographics matched the 1 
study population, but with a higher proportion of dislocation injuries (75.8% vs. 56.2%). 2 
 3 
Statistical analyses were performed using SPSS v22 (IBM, Illinois, USA). Descriptive 4 
statistics were applied to epidemiological data. Mann-Whitney U tests and Fisher’s exact test 5 
of independence analyses (α = 0.05) were used to compare continuous and categorical 6 
variables, respectively, between SCI and non-SCI populations. Inter-observer agreement and 7 
intra-observer repeatability for radiographic measurements were evaluated using Bland-8 
Altman (B-A) plots and intra-class correlation coefficients (ICC);
38-40
 absolute agreement and 9 
consistency ICC measures were obtained. ICC values were interpreted as follows: >0.8 10 
(almost perfect agreement); 0.61-0.8 (substantial agreement); 0.41-0.6 (moderate agreement); 11 
0.21-0.4 (fair agreement); and, 0-0.2 (slight agreement).
41
  12 
 13 
Where patients had both CT and X-ray images, B-A plots were used to investigate whether 14 
measurements from the two modalities were equivalent, and could therefore be assigned to a 15 
single variable.  16 
 17 
Binary logistic regression models were developed to identify risk factors for SCI. Seven 18 
subgroup regression models were developed that included only those patients with complete 19 
data for the predictor variables of interest. Two models analysed causation: (1) high-velocity 20 
motor-vehicle accidents (MVAs), and (2) low velocity falls, respectively. A further five 21 
models analysed the radiographic measurements predictive of SCI for (3) MRI and CT; (4) 22 
MRI; (5) CT; (6) X-ray and/or CT; and, (7) X-ray. 23 
 24 
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11 
Each subgroup model was developed as follows. Firstly, univariate modelling (SCI vs. non-1 
SCI) was conducted on each independent variable, and those with p<0.25 were included in 2 
the initial multivariable regression model (see supplementary material). To avoid complete 3 
separation, related classes of categorical variables were combined to eliminate zero cells if 4 
they occurred in the contingency table. The multivariate model was then refined using a 5 
backward elimination approach;
42
 the Aikaike information criterion (AIC) assessed model fit 6 
at each iterative step. Model refinement was repeated until only significant (p<0.05) 7 
predictors remained, or the AIC increased by >5 points from the initial or preceding model. 8 
Clinically-plausible two-way main effect interaction variables were sequentially added to the 9 
main effects model. The statistical significance of each addition was assessed using a 10 
likelihood ratio test, and the term was included in the final model if significant (p<0.05). 11 
 12 
The Hosmer-Lemeshow goodness-of-fit test assessed the fit of the final model; p>0.05 13 
indicated that the fitted model was significantly different from null model. Area Under the 14 
Receiver Operating Characteristic (AUROC) curves evaluated the discriminatory power of 15 
the model (AUROC>0.5; α = 0.05).
42
  16 
17 
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12 
RESULTS 1 
Demographics analyses 2 
Table 2 presents the demographic characteristics of the 226 patients admitted with DFI. Facet 3 
dislocation (56.2%) was observed more frequently than subluxation, 56.3% of DFIs were 4 
bilateral (equivalent to Allen and Ferguson DFI Stage 3 or 4) and concomitant facet fracture 5 
was detected in 57.4%. 6 
 7 
After the exclusion of one ambiguous case, 75 (33.2%) patients were found to have sustained 8 
a SCI. For those patients with neurological deficits, 16 manual ISNCSCI worksheets that had 9 
been completed prior to surgical intervention were extracted (16/75 = 21.3%). Of these 10 
81.3% were AIS A or B classifications, and the remainder were AIS C (6.3%), or D 11 
(12.5%).
43
 The SCI population had similar demographics to the cohort from which it was 12 
drawn (Table 2). Facet dislocation and bilateral facet injury were significantly associated 13 
with SCI (both p<0.001), as was reduced GCS (p<0.001) (see Table 2). C6/C7 was the most 14 
common level of subaxial cervical injury with neurological deficit (45.3%), followed by 15 
C5/C6 (24.0%), collectively representing 69.3% of such cases. 16 
 17 
Motor-vehicle collisions (MVCs), including motor-vehicle/motorcycle accidents and 18 
pedestrian injury, were the most common cause of DFI (59.3%), followed by falls (25.7%) 19 
(Table 3). A shift in predominant injury causation from MVCs (high velocity) in younger 20 
persons (<65 years old) to falls (low velocity) in the elderly was observed (Figure 3). 21 
Rollovers (51.8%) were the most common motor vehicle accident, and most MVAs occurred 22 
at high speed (63.6%). Falls were most often from heights of less than two metres (70.7%) 23 
(Table 3). 24 
 25 
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Radiographic analyses 1 
SCI patients had greater spinal canal occlusion (p<0.001) and greater spinal cord 2 
compression compared to the non-SCI patients (p=0.008) (Table 4). Mean facet apposition 3 
was lower for the SCI (p=0.031) and dislocation (p<0.001) cohorts. Mean vertebral 4 
translation was higher (p<0.001) and mean Cobb Angle and Posterior Tangent Angle (PTA) 5 
were greater (p=0.008; p=0.004, respectively) for those with facet dislocations (Table 4). In 6 
contrast with the significant negative associations found for facet apposition, other DFI 7 
parameters examined did not associate with neurological deficit  8 
 9 
Inter-observer agreement and consistency, and intra-observer repeatability, were “moderate” 10 
or better (ICC>0.4) for all radiographic measurements, with most demonstrating “almost 11 
perfect” reproducibility (Table 5 and Table 6). Spinal canal occlusion and spinal cord 12 
compression demonstrated the lowest levels of inter-observer consistency (ICC = 0.529 and 13 
0.635, respectively) and agreement (ICC = 0.503 and 0.489, respectively) and were the least 14 
repeatable for both observers (Observer 1 ICC: 0.788 and 0.677, respectively; Observer 2 15 
ICC: 0.569 and 0.645, respectively). B-A analyses demonstrated adequate agreement and 16 
repeatability for all measurements, and no rater or measurement bias was observed
39, 40
 17 
(Figures S1-S3 in supplementary material). B-A analysis also indicated acceptable agreement 18 
between corresponding X-ray and CT radiographic measurements of vertebral translation 19 
(Figure S4 in supplementary material). Therefore, all measurements were averaged over the 20 
two observers and single vertebral translation, Cobb angle and posterior tangent angle values 21 
were assigned for patients who only had one of X-ray or CT images available; where both 22 
imaging modalities were available, values from the earliest acquired image were used. 23 
 24 
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14 
The seven subgroup multivariable logistic regression models are presented in Table 7. Each 1 
model was statistically significant and demonstrated acceptable discriminatory power. An 2 
example interpretation is as follows: for the subgroup of patients admitted due to falls (Model 3 
2) the association between SCI and age was significant when adjusted for the presence of 4 
subluxation or dislocation injury (p=0.026). A one year increase in admission age decreased 5 
the odds of SCI by 4.1% (odds ratio (OR) [95% CI]=0.959 [0.925-0.995]). When adjusted for 6 
age, patients suffering from facet dislocation were 7.25 times more likely to have SCI than 7 
those with subluxation (p=0.027; OR=7.248 [1.255-41.864]). 8 
 9 
DFI characteristics (facet subluxation vs. dislocation, and unilateral vs. bilateral injury) 10 
appeared most frequently across the subgroup models (4 of 7 models) as significant 11 
predictors of SCI. In these models, facet dislocation and bilateral injury increased the risk of 12 
SCI at least 4.0- and 3.2-fold, respectively, when adjusting for all other variables. GCS was a 13 
significant predictor in three models, and a one point increase in GCS (maximum 15 points), 14 
decreased the odds of SCI by more than 20% when adjusting for other variables (Table 7). 15 
Spinal canal occlusion associated with SCI in the subgroups with CT imaging (p=0.001; OR: 16 
1.054 [1.021-1.087]) when adjusted for DFI characteristics, and in the subgroup with both 17 
MRI and CT imaging (p=0.013; OR: 1.041 [1.008-1.074]). For patients with MRI imaging, a 18 
1% increase in spinal cord compression increased risk of SCI by 3.5% (p=0.007; OR: 1.035 19 
[1.010-1.062]). No causal characteristic factors (i.e. MVA Vehicle Speed, Fall Height) were 20 
significant predictors for SCI in the subgroup models for patients admitted due to MVAs 21 
(Model 1) or falls (Model 2). 22 
23 
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15 
DISCUSSION 1 
Despite the potential for severe neurological impairment, there have been few large-scale 2 
cohort investigations of subaxial cervical DFIs. Notably, accurate SCI diagnosis through 3 
standardised physical examination is often problematic in DFI cases due to concomitant brain 4 
injury.
35, 36
 This study addresses an unmet need for harnessing the predictive value of DFI 5 
radiographic data to assess neurological risk. The major findings indicate that quantitative 6 
analyses of routine radiographic data alone, or together with statistical modelling, show 7 
potential for the discrimination of subaxial cervical DFI patients with neurological 8 
impairment and those without.. 9 
 10 
The patient population studied had similar demographics and injury mechanisms to those 11 
reported in small-cohort investigations of DFI radiographic features,
5, 9, 22-27
 treatment 12 
options,
4, 28-32
 and clinical outcomes.
3, 14, 33, 34
 Although younger (<65 years old; 75.6%) and 13 
older (>65 years old; 60%) male patients were over-represented in this DFI cohort, the 14 
proportion of females increased with age (24.4% <65 years old vs. 40% >65 years old). 15 
MVCs and falls have been associated with an increased risk of cervical spine injury
35, 44, 45
 16 
and were the two most common causes of injury in this cohort. There was a shift from high-17 
velocity to low-velocity injury mechanisms observed in the young and elderly, respectively; 18 
similar has been reported for cervical spine injuries
46-48
 and spinal column fractures in 19 
general.
49
 It has been proposed that the increase in SCI due to low-velocity cervical trauma in 20 
the elderly may be attributed, at least in part, to age-related spondylosis.
46, 47
 Such changes 21 
cause narrowing of the spinal canal and may converge with all-cause falls risk to increase the 22 
likelihood of neurological deterioration consequent to subaxial cervical spine trauma.
50-53
 Our 23 
findings (Model 2) of significant associations between SCI due to falls when age adjusted for 24 
DFI characteristics (dislocation vs. subluxation; unilateral vs. bilateral) are consistent with, 25 
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16 
and support the validity of, the conclusion that radiographic analysis combined with 1 
statistical modelling may provide more information than falls risk analysis, or radiographic 2 
analysis, alone. 3 
 4 
Anterior vertebral translation of greater than 50% of the antero-posterior vertebral body width 5 




 while 25% translation is commonly used to define unilateral dislocation.
55
 In our study, 7 
facet dislocations were observed in 127 cases, of which 51.2% were unilateral injuries (DFI 8 
Stage 2). Our findings of median vertebral translation of 36.0% (IQR: -2.7-64.7) and 20.0% 9 
(IQR: 10.8-34.9) for cases of bilateral and unilateral dislocation, respectively (Table S2 in 10 
supplementary material) are consistent with previous reports.
9, 54, 55
 In the present study, B-A 11 
analysis indicated acceptable agreement between corresponding X-ray and CT radiographic 12 
measurements of vertebral translation. From this we surmise that radiographic analyses, 13 
based upon either imaging modality, may provide valuable information about DFI and facet 14 
dislocation associated with neurological involvement.  15 
 16 
Neurological deficit resulting from subaxial cervical injury was recorded at acute admission 17 
in 75 of 226 DFI cases. Univariate analysis identified significant associations between 18 
increased spinal canal occlusion and spinal cord compression and SCI, and between 19 
decreased facet apposition and SCI (Table 4). Multivariable regression analysis confirmed 20 
that facet dislocation (uni- or bilateral) was at least four times more likely to result in 21 
neurological deficit than facet subluxation. Notably, bilateral facet injury was a significant 22 
predictor for SCI, increasing such risk by over 320% when compared to unilateral facet 23 
injury. SCI was observed in 61.3% of bilateral facet dislocation cases, contrasting markedly 24 
with the 25.8% frequency observed for unilateral facet dislocation (Table S3 supplementary 25 
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17 
material). These values are lower than those previously reported in smaller case series, with 1 
prevalence of SCI resulting from bilateral and unilateral facet dislocations varying between 2 
87.5% to 100%
4, 5, 9, 25, 27
 and 37% to 100%.
4, 9, 14, 22, 23, 25, 27, 30, 33
 However, these previously 3 
reported data mostly relate to patients identified as potential surgical candidates and may be 4 
biased towards more severe cases. To our knowledge, only two papers have described the 5 




 The cited 6 
values again are higher than the 26.7% observed in our large-scale retrospective study. 7 
 8 
It has been suggested that concomitant fracture of the posterior elements at the level of 9 
dislocation may reduce the risk of spinal cord injury by increasing the space available for the 10 
spinal cord.
14, 56
 Argenson et al. and Shanmuganthan et al., identified greater neurological 11 
involvement in unilateral facet dislocations without associated fracture.
23, 24
 However, “facet 12 
fracture” was not identified as a predictive variable in any of the final regression models in 13 
our study; its conspicuous absence in our statistical models suggest that relationships between 14 
concomitant fracture and spinal canal dimensions are not predictive of SCI across the 15 
spectrum of subaxial cervical DFIs. 16 
 17 
DFI is thought to result from a biomechanical insult involving compressive head-contact 18 
sustained during neck flexion;
9
 however, inference remains a major limitation to meaningful 19 
discussion (Table 2). Because direct investigation of the association between concomitant 20 
head and facial injuries, and SCI was not possible in our retrospective study, the GCS was 21 
taken as a surrogate marker for head-contact injury. With the caveat that diffuse axonal 22 
injury, and subaxial cervical spine injury, may occur in the absence of head trauma, this 23 
clinician-administered scale has been validated as a tool to monitor patients following head-24 
contact injury.
57
 Admission GCS scores are routinely recorded in tertiary facilities, allowing 25 
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18 
for comparisons with other single-centre cohorts and large-scale multi-centre studies. Our 1 
finding that GCS demonstrated sensitivity to predict risk for neurological deficit in a single-2 
centre DFI cohort implies a mechanistic relationship between head-contact with DFI and 3 
concomitant SCI. GCS consistently has been identified as a risk factor for cervical spinal 4 
column
35, 36, 44, 58
 and spinal cord
35, 58
 injury in major trauma patients; however, investigations 5 
of the correlation between head and/or face trauma and cervical spine injury have produced 6 







as predictors of cervical trauma, and the reasons for these disparities remain unclear. 8 
Although the current literature is inconclusive, the association of reduced GCS with the 9 
presence of SCI in our DFI population points towards heightened risk of complex 10 
neurological status following head-contact injury, and underscores the importance of 11 
harnessing the predictive value of quantitative radiographic data for neurological risk 12 
assessment. 13 
 14 
Direct radiographic measurements of spinal canal occlusion and spinal cord compression 15 
were the only spine parameters predictive of SCI in our cohort (Table 7). This finding 16 
supports previous reports that increased spinal canal compromise
50, 52, 59, 60
 and spinal cord 17 
compression,
52, 59-62
 correlate with the presence or severity of neurological deficit in subaxial 18 
cervical trauma. While vertebral translation and kyphosis measurements can predict the 19 
stability of an injured spinal segment, and are used clinically as indicators for surgery,
37, 63, 64
 20 
it is intriguing that these indices of segmental stability were not predictive of neurological 21 
involvement in our cohort. Quantitative measures of facet joint apposition have limited 22 
clinical utility
65
 and were not represented in our final CT subgroup regression model (Model 23 
5, Table 7). Collectively, these results indicate that vertebral translations observed on medical 24 
images are not absolute predictors of SCI; this has been anecdotally reported.
66, 67
 Given that 25 
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19 
reliable measurement of spinal canal occlusion and spinal cord compression are not possible 1 
on lateral radiographs,
68
 our results also suggest that this image modality is not an appropriate 2 
screening tool for SCI in DFI patients. Spinal canal occlusion measurements obtained from 3 
CT are as reliable and repeatable as those from T1-weighted MRI,
52, 69
 and strongly correlate 4 
with T2-weighted MRI measurements of spinal cord compression in patients with acute 5 
cervical SCI.
52
 CT spinal canal occlusion measurements alone can indicate the likelihood of 6 
SCI in cases of DFI (Model 5, Table 7) and may have an adjunctive role in pre-surgical 7 
hospitals; however, MRI is the gold standard for assessing acute injury to the spinal cord, 8 
intervertebral discs, ligaments, and surrounding soft tissues,
70
 all of which are important in 9 
planning appropriate surgical intervention. 10 
 11 
Inter-observer agreement of the radiographic measurements in this study, and intra-observer 12 
repeatability of vertebral translation, spinal canal occlusion (as measured on CT) and T2-13 
weighted MRI spinal cord compression measurements, have been reported for subaxial 14 
cervical trauma.
65, 69, 71, 72
 To our knowledge, this is the first report of the repeatability of 15 
kyphosis angle and facet apposition for the assessment of DFI. In this study, vertebral 16 
translation and kyphosis measurements from CT and X-ray demonstrated almost perfect 17 
agreement and repeatability (ICC>0.8). Similar to van Middendorp et al.,
71
 almost perfect 18 
repeatability was observed for X-ray and CT measurements of vertebral translation, while 19 
facet apposition measurements were over twice as reliable as those previously reported (ICC 20 
= 0.78 vs. 0.33).
65
 In our study, B-A analysis demonstrated acceptable agreement between 21 
corresponding X-ray and CT radiographic measurements of vertebral translation (Figure S4 22 
in supplementary material). This suggests that single vertebral translation, Cobb angle and 23 
posterior tangent angle values can be assigned for patients who only had one of X-ray or CT 24 
images available, and values from the earliest acquired imaging modality can be used (Table 25 
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6). It is intuitively obvious that early imaging offers predictive advantage allowing for the 1 
planning of appropriate surgical intervention, with the caveat that our inter-observer 2 
agreement data are incongruent with those of Bono et al. who reported ICC values of 3 
agreement as low as 0.44 and 0.2 for Cobb angle and posterior tangent angle, respectively.
65
  4 
 5 
For CT-measured spinal canal occlusion and T2-weighted MRI spinal cord compression , 6 
ICC values for inter-observer consistency and agreement, and intra-observer repeatability, 7 
obtained from our study were similar to those reported by Furlan et al.;
72
 however, 8 
repeatability in our study was lower than reported by Fehlings et al.
69
 It has been suggested 9 
that spinal canal occlusion measurements from mid-sagittal CT images provide inconsistent 10 
results, precluding mid-sagittal imaging from use in the clinical assessment of cervical 11 
trauma;
60
 however, the findings of the present study showed moderate to substantial 12 
agreement and repeatability, indicating that CT may be appropriate for predicting risk of 13 
neurological compromise.   14 
 15 
Overall, ICC values of inter-observer agreement and intra-observer repeatability were greater 16 
than, or comparable to, published values for corresponding measurements. This could be due 17 
to the use of only two observers in this study, compared to 28 in one previous study.
69
 18 
However, our investigation had larger image databases than the previous studies that assessed 19 
inter-observer agreement and as such was adequately powered for analysis. Improved inter- 20 
and intra-observer agreement could also be attributed to the use of the custom analysis 21 
program that was developed for our study. In this program the user was prompted to identify 22 
key anatomical landmarks on each image, and the measurements of interest were 23 
automatically and systematically calculated from these points. This methodology may have 24 
lower associated error than drawing lines to identify anatomy and measure geometry, as is 25 
required on medical workstation software such as eFilm. Also, DFI injuries may permit more 26 
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accurate identification of anatomical landmarks than other cervical trauma, due to the lower 1 
incidence of associated vertebral body fractures, resulting in greater observer agreement. 2 
 3 
The inherent limitations of retrospective analyses apply to this study. These were overcome 4 
by developing numerous multivariable subgroup regression models containing only patients 5 
with complete data for the predictors of interest to identify risk factors for SCI. Due to 6 
insufficient documentation (e.g. missing ISNCSCI/AIS charts), together with evidence for 7 
systematic inaccuracies in manually completed ISNCSCI worksheets,
73
 we were unable to 8 
reliably stratify neurological condition, so a binary variable for presence of SCI (neurological 9 
deficit vs. no neurological deficit) was assigned to each patient. Dichotomisation of these 10 
data allows for the assessment of the spectrum of neurological involvement, but introduces 11 
assumptions in relation to injury heterogeneity. Thus, further work will be required to assess 12 
the appropriateness of radiographic indices alone, or together with statistical modelling, to 13 
stratify risk in relation to ISNCSCI/AIS injury grades, and spinal cord syndromes. Despite 14 
thorough interrogation of patient management systems, radiology and operation notes, some 15 
cases where DFI was secondary to more severe injury, such as in cases of polytrauma or 16 
death, may have been missed. Therefore, this population represents the cohort of traumatic 17 
DFIs that required tertiary hospital admission and were a principal cause of patient 18 
discomfort and/or neurological deficit. The repeatability analysis subset was selected to 19 
ensure complete X-ray, CT and MR imaging, and therefore had a higher proportion of facet 20 
dislocations than the study population; however, B-A analyses of inter- and intra-observer 21 
agreement (Figures S1, S2 and S3 in supplementary material) for the radiographic measures 22 
demonstrated no bias across their spectrum, suggesting that the ICC outcomes were 23 
representative of the study population.   24 
 25 
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22 
To our knowledge, this is the first large-scale cohort investigation of the epidemiology and 1 
radiographic features of traumatic subaxial cervical facet dislocation and subluxation. 2 
Patients presenting with facet dislocation (vs. subluxation), or bilateral facet (vs. unilateral) 3 
injury and reduced GCS are at high risk of SCI. Spinal canal occlusion (CT) and spinal cord 4 
compression (MRI) measurements at the level of bony injury are the radiographic measures 5 
most predictive of neurological deficit . Despite “moderate” inter- and intra-observer 6 
agreement for spinal cord compression, statistical modelling of indices of spinal canal 7 
occlusion alone, or together with spinal cord compression, may allow for appropriate and 8 
timely surgical intervention. 9 
 10 
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FIGURE LEGENDS 1 
Figure 1: Representative diagrams of the radiographic measurements described in Table 1, 2 
where black crosses indicate the anatomical landmarks used to calculate each measure: a) 3 
Vertebral Translation (% of superior vertebral body depth) = 
  
       
    ; b) Cobb Angle 4 
(degrees) =  ; c) Posterior Tangent Angle (degrees) =  ; d) Spinal Canal Occlusion (% of 5 
‘normal’ canal depth) = 
    
              
    ; e) Facet Apposition (% of superior facet 6 
surface length) = 
    
    
    , where FAPP is the length of the overlap of FSUP and FINF; and, f) 7 
Spinal Cord Compression (% of ‘normal’ cord diameter) = 
    
              
    . 8 
 9 
Figure 2: Forty-one year old male sustained a C5/C6 unilateral facet fracture-dislocation (DFI 10 
Stage 2) without neurological deficit following a motor-vehicle accident. Mid-sagittal 11 
computed tomography (CT) scans (left) demonstrated 13% vertebral translation at C5/C6. No 12 
signal change, and 8% spinal cord compression were identified on T2-weighted magnetic 13 
resonance imaging (right). 14 
 15 
Figure 3: Causal variables distributed by admission age. A shift in predominant causality 16 
from motor-vehicle/motorbike accidents (MVA/MBA) in young adults (<65 years old), to 17 
falls in older adults, was observed. 18 
 19 
Figure S1: Bland-Altman plots for inter-observer agreement of radiographic measurements. 20 
Figure S2: Bland-Altman plots for Observer 1 intra-observer repeatability of radiographic 21 
measurements. 22 
Figure S3: Bland-Altman plots for Observer 2 intra-observer repeatability of radiographic 23 
measurements. 24 
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1 
Table 1: Radiographic analysis anatomical landmarks and measurements.  1 
Measurements: Imaging Modality and Orientation: Landmarks: 
- Vertebral 
Translation 
- Cobb Angle 
- Posterior Tangent 
Angle (PTA) 
Lateral X-ray and midsagittal CT slice, re-
orientated into anatomical alignment (if 
required) and cropped to the subaxial 
spine 
Four corners of adjacent subaxial 
vertebrae at the LOBI 
- Spinal Canal 
Occlusion 
Midsagittal CT (as described above) Anterior and posterior edges of spinal 
canal at the LOBI and the nearest 
superior and inferior uninjured levels 
- Left/Right Facet 
Apposition* 
Left and right parasagittal CT slices 
through the mid-line of the facet at the 
LOBI 
Anterior and posterior ends of opposing 
articular facet surfaces 
- Spinal Cord 
Compression 
Midsagittal MRI slice, cropped to the 
subaxial spine 
Anterior and posterior edges of spinal 
cord at the LOBI and the nearest superior 
and inferior uninjured levels 
*Absolute facet apposition at the LOBI was defined as the mean of left and right facet apposition. 2 
LOBI = level of bony injury. 3 
 4 
 5 
  6 
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Table 2: Demographics and injury variables distributed by neurological condition. 1 
Variable Total (n=226) SCI (n=75) Non-SCI (n=150) p-value 
Age     
   Range (years) 16-93 18-88 16-93  
   Median (IQR) (years) 40.0 (25.0-59.0) 37.0 (24.0-60.0) 41.5 (30.0-59.0) 0.186 
   <65 years old 176 (77.9%) 58 (77.3%) 117 (78.0%)  
Gender    0.432 
   Male 163 (72.1%) 57 (76.0%) 106 (70.7%)  
   Female 62 (27.6%) 18 (24.0%) 44 (29.3%)  
Injury Type    <0.001 
   Dislocation 127 (56.2%) 55 (73.3%) 72 (48.0%)  
   Subluxation 99 (43.8%) 20 (26.7%) 78 (52.0%)  
Bilateral/Unilateral*    <0.001 
   Bilateral 125 (56.3%) 55 (74.3%) 70 (47.6%)  
   Unilateral†
 
97 (43.7%) 19 (25.7%) 77 (52.4%)  
Spinal Level of Injury    0.184 
   C3/C4 22 (9.7%) 7 (9.3%) 15 (10.0%)  
   C4/C5 45 (19.9%) 15 (20.0%) 30 (20.0%)  
   C5/C6 58 (25.7%) 18 (24.0%) 40 (26.7%)  
   C6/C7 87 (38.5%) 34 (45.3%) 52 (34.7%)  
   C7/T1 14 (6.2%) 1 (1.3%) 13 (8.7%)  
Associated Facet Fracture  ˅ 128 (57.4%) 42 (56.0%) 85 (57.4%) 1.000 
Glasgow Coma Scale    <0.001 
   Median (IQR) 15 (15-15) 15 (13-15) 15 (15-15)  
*data not available for 4 patients.  2 
†Total: 44 Left (L), 46 Right (R), 6 Not Specified (NS); SCI: 6 L, 12 R, 1 NS; Non-SCI: 38 L, 34 R, 5 NS. 3 
d˅ata not available for 3 patients. 4 
IQR = interquartile range. 5 
  6 
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Table 3: Causal variables distributed by neurological condition. 1 
 Total (n=226)* SCI (n=75) Non-SCI (n=150) p-value 
Injury Cause    0.307 
   MVC 134 (59.3%) 47 (62.7%) 86 (57.3%)  
   Fall 58 (25.7%) 15 (20.0%) 43 (28.7%)  
   Sporting/Cycling Accident 17 (7.5%) 6 (8.0%) 11 (7.3%)  
   Diving 9 (4.0%) 2 (2.7%) 7 (4.7%)  
   Assault 4 (1.8%) 2 (2.7%) 2 (1.3%)  
   Other 4 (1.8%) 3 (4.0%) 1 (0.7%)  
MVA Details    0.326 
   “Pure” Rollover 57 (51.8%) 17 (70.8%) 40 (78.4%)  
   Frontal Impact 11 (10%) 6 (25.0%) 5 (9.8%)  
   Side Impact 5 (4.6%) 1 (4.2%) 4 (7.8%)  
   Rear Impact 2 (1.8%) 0 (0.0%) 2 (3.9%)  
   Unknown 35 (31.8%) - -  
MVA Vehicle Speed    1.00 
   Low (≤60 km/h) 16 (14.5%) 5 (18.5%) 11 (18.6%)  
   High (>60 km/h) 70 (63.6%) 22 (81.5%) 48 (81.4%)  
   Unknown 24 (21.8%) - -  
MVA Seat Position    1.00 
   Driver 68 (61.8%) 23 (63.9%) 44 (65.7%)  
   Front Seat Passenger 17 (15.5%) 6 (16.7%) 11 (16.4%)  
   Back Seat Passenger 19 (17.3%) 7 (19.4%) 12 (17.9%)  
   Unknown 6 (5.5%) - -  
Seatbelt    0.610 
   Worn 59 (53.6%) 23 (76.7%) 35 (70.0%)  
   Not Worn 22 (20.0%) 7 (23.3%) 15 (30.0%)  
   Unknown 30 (27.3%) - -  
Airbag    0.262 
Page 38 of 43
4 
   Deployed 4 (3.6%) 3 (42.9%) 1 (11.1%)  
   Not Deployed 12 (10.9%) 4 (57.1%) 8 (88.9%)  
   Unknown 94 (85.5%) - -  
Fall Height    0.459 
   <2 metres 41 (70.7%) 9 (69.2%) 32 (80.0%)  
   ≥2 metres 12 (20.7%) 4 (30.8%) 8 (20.0%)  
   Unknown  5 (8.6%) - -  
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Table 4: Radiographic indices distributed by neurological condition and injury type. 1 
Radiographic Indices  
Total 


































































































*Positive values indicate anterior translation. 2 
†Negative values indicate anterior flexion. 3 
IQR = interquartile range. 4 
 5 
 6 
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Table 5: Intra-observer repeatability of radiographic indices.  1 
Radiographic Measure: Observer 1 Repeatability: Observer 2 Repeatability: 
CT – Cobb angle 0.914 (0.820-0.960) 0.927 (0.846-0.967) 
CT – PTA 0.897 (0.785-0.952) 0.834 (0.666-0.921) 
CT – Vertebral translation 0.917 (0.825-0.962) 0.956 (0.906-0.980) 
X-ray – Cobb angle 0.856 (0.684-0.939) 0.789 (0.555-0.908) 
X-ray – PTA 0.834 (0.641-0.929) 0.749 (0.484-0.889) 
X-ray – Vertebral translation 0.912 (0.799-0.963) 0.864 (0.699-0.942) 
Facet apposition 0.910 (0.812-0.959) 0.985 (0.967-0.993) 
Spinal canal occlusion 0.788 (0.591-0.897) 0.569 (0.245-0.779) 
Spinal cord compression 0.677 (0.363-0.854) 0.645 (0.312-0.838) 




Table 6: Inter-observer consistency and agreement of radiographic measurements. 6 
Radiographic Measure: Inter-observer Consistency: Inter-observer Agreement: 
CT – Cobb angle 0.826 (0.726-0.874) 0.825 (0.760-0.873) 
CT – PTA 0.862 (0.810-0.901) 0.863 (0.811-0.901) 
CT – Vertebral translation 0.913 (0.879-0.938) 0.913 (0.879-0.938) 
X-ray – Cobb angle 0.826 (0.743-0.883) 0.827 (0.745-0.884) 
X-ray – PTA 0.735 (0.619-0.820) 0.729 (0.609-0.816) 
X-ray – Vertebral translation 0.881 (0.822-0.921) 0.880 (0.821-0.921) 
Facet apposition 0.780 (0.702-0.840) 0.776 (0.695-0.837) 
Spinal canal occlusion 0.529 (0.393-0.643) 0.503 (0.345-0.629) 
Spinal cord compression 0.635 (0.500-0.740) 0.489 (0.042-0.724) 
PTA = posterior tangent angle of kyphosis. 7 
  8 
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Table 7: Subgroup multivariable binary logistic regression models. 1 
Variables p-Value OR OR 95% CI 
1. MVA (n=96); H&L = 0.382, AUROC = 0.844 [0.768-0.921], EPV = 11.0 
Injury Type:     
  Dislocation 0.003 5.760 1.844 17.995 
  Subluxation (reference) - - - - 
Injury Side:     
  Bilateral 0 11.368 3.445 37.518 
  Unilateral (reference) - - - - 
GCS 0.024 0.799 0.658 0.971 
2. Fall (n=52); H&L = 0.228, AUROC = 0.797 [0.662-0.932], EPV = 7.0* 
Admission Age 0.026 0.959 0.925 0.995 
Injury Type:     
  Dislocation 0.027 7.248 1.255 41.864 
  Subluxation (reference) - - - - 
3. MRI + CT (n=56); H&L = 0.805, AUROC = 0.681 [0.541-0.821], EPV = 24.0 
Spinal Canal Occlusion 0.013 1.041 1.008 1.074 
4. MRI (n=88); H&L = 0.533, AUROC = 0.644 [0.525-0.763], EPV = 38.0 
Spinal Cord Compression 0.007 1.035 1.010 1.062 
5. CT (n=113); H&L = 0.411, AUROC = 0.804 [0.717-0.890], EPV = 12.7 
Injury Type:     
  Dislocation 0.002 5.110 1.847 14.140 
  Subluxation (reference) - - - - 
Injury Side:     
  Bilateral 0.020 3.236 1.206 8.681 
  Unilateral (reference) - - - - 
Spinal Canal Occlusion 0.001 1.054 1.021 1.087 
6. X-ray and/or CT (n=143); H&L = 0.575, AUROC = 0.783 [0.703-0.863], EPV = 15.7 
Injury Type:     
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  Dislocation 0.002 4.045 1.690 9.682 
  Subluxation (reference) - - - - 
Injury Side:     
  Bilateral 0.001 4.697 1.928 11.441 
  Unilateral (reference) - - - - 
GCS 0.001 0.696 0.562 0.862 
7. X-ray (n=78); H&L = 0.142, AUROC = 0.809 [0.708-0.910], EPV = 12.0 
Injury Side:     
  Bilateral 0.006 7.445 1.771 31.307 
  Unilateral (reference) - - - - 
GCS 0.010 0.605 0.412 0.887 
*This model contained less than 10 events-per-variable, so model is at risk of over-fitting.
43
 1 
OR = odds ratio, CI = confidence interval, n = number of observations, H&L = Hosmer and Lemeshow 2 
goodness-of-fit p-value, AUROC = Area Under the Receiver Operating Characteristic curve [95% CI], EPV = 3 
events-per-variable.  4 
Reference category is indicated for categorical variables. 5 
 6 
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